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ABSTRACT
We present a model to determine the physical parameters of jets and hot spots of a sample of CSOs under very
basic assumptions like synchrotron emission and minimum energy conditions. Based on this model we propose
a simple evolutionary scenario for these sources assuming that they evolve in ram pressure equilibrium with the
external medium and constant jet power. The parameters of our model are constrained from fits of observational
data (radio luminosity, hot spot radius and hot spot advance speed) versus projected linear size. From these plots
we conclude that CSOs evolve self-similarly and that their radio luminosity increases with linear size along the
first kiloparsec. Assuming that the jets feeding CSOs are relativistic from both kinematical and thermodynamical
points of view, we use the values of the pressure and particle number density within the hot spots to estimate
the fluxes of momentum (thrust), energy, and particles of these relativistic jets. The mean jet power obtained in
this way is within an order of magnitude that inferred for FRII sources, which is consistent with CSOs being the
possible precursors of large doubles. The inferred flux of particles corresponds to, for a barionic jet, about a 10%
of the mass accreted by a black hole of 108 M⊙ at the Eddington limit, pointing towards a very efficient conversion
of accretion flow into ejection, or to a leptonic composition of jets. We have considered three different models
(namely Models, I, IIa, IIb). Model I assuming constant hot spot advance speed and increasing luminosity can
be ruled out on the ground of its energy cost. However Models IIa and IIb seem to describe limiting behaviours
of sources evolving at constant advance speed and decreasing luminosity (Model IIa) and decreasing hot spot
advance speed and increasing luminosity (Model IIb). In all our models the slopes of the hot spot luminosity and
advance speed with source linear size are governed by only one parameter, namely the external density gradient.
A short discussion on the validity of models II to describe the complete evolution of powerful radio sources from
their CSO phase is also included.
Subject headings: galaxies:active-galaxies:jets-galaxies:ISM-radio continuum:galaxies
1. INTRODUCTION
In the early eighties VLBI techniques allowed the discovery
of compact, high luminosity radio sources with double struc-
ture and steep spectrum (Phillips & Mutel 1980,1982). Some
of them were found to have a core between the two outer com-
ponents which were interpreted as lobes or hot-spots formed by
a relativistic jet, and they were given the name of compact sym-
metric objects (CSOs) because of their double-sided emission
and their small size (linear size lower than 1 kpc).
The spectra of CSOs are steep with a peak at about 1 GHz,
what makes them to belong to Gigahertz Peaked Spectrum
Sources (GPSs, O’Dea et al.1991). If the peak is located around
100 Megahertz the source belongs to Compact Steep Spectrum
Sources (CSSs, Fanti et al.1995). The smaller sources are more
likely to have a GPS spectrum, while those with a projected lin-
ear size larger than one kpc (linear size between 1 and 20 kpc)
have a CSS spectrum. GPS and CSS sources include a vari-
ety of objects (O’Dea 1998), morphologically speaking, among
which we find the double, symmetric ones: CSOs if their size
is lower than 1 kpc (Wilkinson et al. 1994), and Medium Size
Symmetric Objects, MSOs, if their size does exceed 1 kpc
(Fanti et al. 1995). For a review about GPS and CSS sources
see O’Dea (1998).
The size of CSOs led radio astronomers to propose two op-
posed conjectures. One of them assumes a scenario where the
external medium is so dense that the jet cannot break its way
through it, so sources are old and confined (van Breugel et al.
1984), while the other one assumes that they are the young
precursors of large symmetric sources like Faranoff-Riley type
II galaxies (Phillips & Mutel 1982, Carvalho 1985, Mutel &
Phillips 1988). The former assumption is based on observa-
tions which show that some GPS sources are considerably opti-
cally reddened (O’Dea 1991), have distorted isophotes and dis-
turbed optical morphologies, which indicate interaction with
other galaxies or mergers. This can be interpreted as that the
source has an abnormally dense medium, due to the gas falling
onto the nucleus of the GPS from the companion. Under this
assumption, sources can be confined by the external medium if
it is dense enough (average number density of 10 − 100cm−3),
as it was shown by De Young (1991,93) through simulations of
jet collisions with a dense, cloudy medium. Carvalho (1994,98)
considers two scenarios, one where the NLR and ISM consist
of a two-phase medium formed by a hot, tenuous one surround-
ing cold, dense clouds, with which the jet collides, mass loads
and slows down, and another one where a uniform, dense ex-
ternal medium is assumed. This could result in the jet having
to spend its life trapped within this medium and having ages of
106 to 107 years. On the other hand, it must be said that den-
sities required for the jet to be confined imply huge masses for
the innermost parsecs of the galaxy (De Young 1993).
Recent measurements of component advance speeds for a
few sources (Owsianik et al. 1998, Taylor et al. 2000), reveal
that their speeds are better understood within the young source
model, as they imply ages of no more than 103 years. The-
oretical evolutionary models have been proposed by Carvalho
(1985), Readhead et al. (1996b), Fanti et al. (1995), Begel-
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2man (1996), O’Dea & Baum (1997), Snellen et al. (2000), in
which an attempt is made to establish a connection between
CSOs, MSOs, and FRII. Simulations carried out by De Young
(1993,97) also show that a jet evolving in a density gradient of
a not very dense medium reproduces well those evolutionary
steps.
The study of CSOs is of interest because it will allow us to
probe conditions in the jet in the first kiloparsec of its evolution
and the interaction with the dense interstellar medium before it
breaks through the intergalactic medium, where jets have been
extensively studied. Jets in CSOs are propagating through the
NLR and ISM of AGNs, so this interaction is a good opportu-
nity to get information about the central regions of AGNs, in
particular about the central density and its gradient. Moreover,
within the young source scenario, jets from CSOs are in the ear-
liest stages after their formation, allowing us to get information
and constrain the conditions leading to the jet formation.
In this paper, we obtain the basic physical parameters of
jets and hot-spots of a sample of CSOs using very basic as-
sumptions, in a similar way as Readhead et al. (1996a,b), i.e.,
synchrotron radiation theory, minimum energy assumption and
ram pressure equilibrium with the external medium. We also
propose a simple evolutionary scenario for them, based on ob-
servational data, through a theoretical model which gives the
relevant magnitudes in the hot-spots as power laws of linear
size. The model allows us to get some insight about the nature
of CSOs and their environment, with the final aim of knowing
whether these sources are related to large double radio sources.
The criteria followed to obtain a sample of CSO and their data
are explained in section 2. In section 3, the theory used to get
physical parameters for hot-spots out of their spectra is pre-
sented. In section 4 we use some basic assumptions to get in-
formation about the physical parameters of the jet. Section 5
contains the evolutionary model proposed and comparison with
previous models, and conclusions along with further compari-
son are presented in section 6. Finally, the relevant formulae
used in the calculations of the physical magnitudes of hot-spots
are presented in the Appendix. Throughout the paper we con-
sider Hubble constant H0 = 100hkms−1 Mpc−1, with normalised
value h = 0.7, and flat universe through a deceleration parameter
q0 = 0.5.
2. A SAMPLE OF CSOS
Sources have been selected from the GPS samples of
Stanghellini et al. (1997), Snellen et al. (1998, 2000) and Peck
& Taylor (2000). We have chosen those sources with double
morphology already classified in the literature as CSOs and also
those whose components can be safely interpreted as hot spots
even though the central core has not been yet identified. The cri-
teria we have followed are quite similar to those used by Peck
& Taylor(2000), i.e., detected core surrounded by double ra-
dio structure or double structure with edge brightening of both
components; however, contrary to their criteria, we have in-
cluded sources with an intensity ratio between both components
greater than 10 in the frequency considered (see Table 1), relax-
ing this constraint to a value of 20 (in one source, 2128+048)
and 11 for the rest. Anyway, sources possibly affected by ori-
entation effects (beaming, spectra distortion) in a more evident
way, like quasars and core-jet sources, have not been consid-
ered. The resulting sample is formed by 20 sources which are
listed in Table 1 along with the data relevant for our study.
3. PHYSICAL PARAMETERS IN THE HOT SPOTS OF CSOS
Panels a) and b) of Fig. 1 display hot spot radius (rhs) and
hot spot luminosity (Lhs), respectively, versus projected source
linear size (LS). These quantities are directly obtained from the
corresponding measured (or modeled) angular sizes, flux den-
sities in the optically thin part of the spectra and the formulae
for cosmological distance (see Appendix for details). For those
hot-spots with more than one component the radius was ob-
tained as the one of the resulting total volume by adding the vol-
umes of each component. One point per source is used by tak-
ing arithmetic mean values for the radius and radio-luminosity.
Table 2 compiles the slopes for the corresponding linear log-
log fits, the errors and the regression coefficients. A proportion-
ality between hot spot radius and linear size is clearly observed.
The hot spot luminosity seems to be independent of the source
linear size, with only a weak tendency to grow with LS.
In order to estimate internal physical parameters as the densi-
ties and energies of the ultrarelativistic particles in the hot spots,
further assumptions should be made. According to the present
understanding (see, for example, O’Dea 1998), the peak and in-
version in the spectra of these sources is due to an absorption
process which has been a matter of debate since the discovery
of these objects. First, and most likely, synchrotron self absorp-
tion (SSA) may be the reason of the inversion, although Bick-
nell et al. (1997) and Kuncic et al. (1997), have proposed free-
free absorption (FFA) and induced Compton scattering (ICS),
respectively, as alternatives. Both latter models are successful
in reproducing the decrease in peak frequency with linear size
observed in GPS sources (O’Dea & Baum 1997), but do not fit
the data better than the SSA model. Also, Snellen et al. (2000)
find evidence of SSA being the process of absorption producing
the peak in GPS sources. Besides that, FFA and ICS do not al-
low us to extract information about the hot spot parameters, as
absorption occurs in the surrounding medium of the hot-spots,
by thermal electrons, whereas SSA occurs inside them.
The problem with SSA model comes from its critical depen-
dence on some parameters (as an example, the magnetic energy
density is proportional to the tenth power of the peak frequency
and the eighth power of the source angular size) which makes
it almost useless for our purposes. Having this in mind, we
have relied on the minimum energy assumption, which states
that the magnetic field and particle energy distributions arrange
in the most efficient way to produce the estimated synchrotron
luminosity, as a conservative and consistent way to obtain in-
formation about the physical conditions in hot spots. As it is
well known, the hypothesis of minimum energy leads almost
to equipartition, in which the energy of the particles is equal
to that of the magnetic field. Güijosa & Daly (1996) compared
equipartition Doppler factors with those obtained assuming that
X-ray emission comes from inverse Compton process for more
than a hundred objects (including three radio galaxies also in
our sample) concluding that they are actually near equiparti-
tion. Snellen et al. (2000) point out that sources must stay
in equipartition if they are to grow self-similarly, as it seems
to be the case (see Table 2. Finally, Table 3 in O’Dea (1998)
compiles data from Mutel et al. (1985) and Readhead et al.
(1996a), and compares magnetic field estimates in the hot spots
of several CSOs based on both minimum energy and SSA mod-
els. As both results are in rough agreement, the conclusion is
that sources undergo synchrotron self-absorption but are near
equipartition. Besides the minimum energy assumption, we
also assume that there is no thermal (barionic nor leptonic)
3component, so the number density of relativistic particles alone
within the hot spots is estimated, and that each particle radiates
its energy at the critical frequency, i.e., monochromaticity.
The calculation procedure for pressure (Phs) and number den-
sity of relativistic particles (nhs) is explained in the Appendix,
and panels c) and d) of Fig. 1 represent their log-log plots ver-
sus projected source linear size for all the sources in our sample,
along with the best linear fit, assuming they all fulfill the mini-
mum energy assumption. As in the case of panels a) and b) one
point per source is plotted. We use volume weighted means of
both magnitudes due to their intensive character. Slopes, errors,
and regression coefficients of the corresponding fits are listed in
Table 2.
These plots and their fits may be interpreted as evolutionary
tracks of the four magnitudes in terms of the distance to the
origin, considering that this distance grows monotonically with
time, as we will show in Sect. (5). Projection effects are surely a
source of dispersion in the data, which on the other hand show
good correlation. One way to test the influence of these pro-
jection effects is to use hot-spot radius, as it is not affected by
projection, instead of linear size. Results for the fits are very
similar (within error bars) to those in Table 2, so it can be stated
that projection effects are not important as far as an evolution-
ary interpretation is concerned. We should keep in mind that
we have removed from our sample those sources most likely
pointing along the line of sight (quasars and core-jet sources).
We can add to our series of data the recent measuremets of
hot spot advance speeds (see Table 3). Owsianik & Conway
(1998) report a mean hot spot advance speed of 0.13h−1c in
0710+439 whereas Owsianik et al. (1998b) conclude a speed
of 0.10h−1c in 0108+388. On the other hand, Taylor et al.
(2000) give similar advance speeds for 0108+388 (0.12h−1c)
and 2352+495 (0.16h−1c) while the speed they measure for
0710+439 is twice the one reported by Owsianik & Conway
(1998) (0.26h−1c). Finally, Owsianik et al. (1998) derive an es-
timate for the hot spot advance speed of 0.13h−1c for 2352+495,
based on synchrotron ageing data from Readhead et al.(1996a)
and measurements of the source size.
The large difference of estimates in the case of 0710+439
can be attributed to a number of facts. On one hand, Taylor
et al.’s (2000) measurements have been performed at a higher
frequency which means that they have measured motions of a
brighter and more compact working surface, which must be in-
trinsically faster than the lobe expansion. On the other hand,
the velocity may have suffered a recent increase (Owsianik &
Conway 1998 data are concluded from five epochs from 1980
to 1993, whereas Taylor et al.’s 2000 measurements are from
three epochs from 1994 to 1999) as the authors point out. We
should keep in mind that the jet is moving in a cloudy medium,
the NLR or ISM, so measures of advance speed are conditioned
by local environmental conditions.
Finally, Taylor et al. (2000) detect motions for 1031+567,
also included in our sample, for which an advance speed of
0.31h−1c is inferred. However this speed is measured for one
hot spot (component W1) and what could be a jet component
(component E2) and, therefore, this speed may be overvalued.
The results reported in the previous paragraphs concerning
the hot spot advance speeds do not allow us to infer a definite
behaviour of the hot spot advance speed with the distance to
the source. However, excluding the measurements of Taylor et
al. (2000) on 0710+439 and 1031+567 for the above reasons,
the remaining results are compatible with a constant expansion
speed (vhs ∝ LS0), that we shall assume as a reference in the
evolution models developed in Sect. (5).
4. PHYSICAL PARAMETERS IN THE JETS OF CSOS AND THE
SOURCE ENERGY BUDGET
Figure 2 shows a schematic representation of our model for
CSOs in which the bright symmetric radio components are hot
spots generated by the impact of relativistic jets in the ambient
medium. In the following we shall assume that the jets are rel-
ativistic from both kinematical and thermodynamical points of
view, hence neglecting the effects of any thermal component.
We can use the values of the pressure and particle number den-
sity within the hot spots to estimate the fluxes of momentum
(thrust), energy, and particles of these relativistic jets. Under
the previous hypothesis and assuming that hot spots advance at
subrelativistic speeds, ram pressure equilibrium between the jet
and hot spot leads to (Readhead et al. 1996a)
Fj = PhsAhs, (1)
for the jet thrust Fj, where Ahs stands for the hot spot cross sec-
tion (≃ pir2hs). Taking mean values for Phs and rhs from our sam-
ple we get Fj ≃ (4.5± 3.3)1034 dyn, where errors are calculated
as average deviations from the mean.
In a similar way, the flux of relativistic particles in the jet,
Rj, can be estimated from the total number of particles in the
hot spot, nhsVhs (Vhs is the hot spot volume, ≃ 4pir3hs/3), and
the source lifetime,≃ vhs/LS, where vhs is the hot spot advance
speed. Assuming this speed constant and ≃ 0.2c, we can write
Rj = nhsVhsvhs/LS≃ (6.3 ± 6.2)1048e+/−s−1. (2)
Finally, a lower bound for the jet power, Qj, can be esti-
mated considering that, in a relativistic jet from a thermody-
namic point of view, Qj = (Fj/vj)c2. Hence, for given Fj and
taking vj = c, we have
Qj,min = Fjc = PhsAhsc = (1.3 ± 1.0)1045ergs−1. (3)
Let us point out that the values of the jet power and jet
thrust derived according to our model (4.3 − 5.01043 erg s−1,
1.4 − 1.71033 dyn) are within a factor of 1.5 of those presented
by Readhead et al. (1996a) for h = 0.7.
Considering that the source spends the jet power in lu-
minosity (basically, hot spot radio luminosity, Lhs), advance
(Qadv), and expansion of hot spots against the external medium
(Qexp,hs), and that a fraction of the energy supplied is stored as
internal energy of particles and magnetic fields in the hot spots
(U˙int,hs), we can write the following equation for the energy bal-
ance
Qj = Lhs +U˙int,hs + Qadv + Qexp,hs + Qlobes, (4)
where the term Qlobes encompases the energy transferred to the
lobes (and cocoon) per unit time. Note that, in the previous
equation, we have added the internal energy of the hot spots
and the expansion work with respect to the work by Readhead
et al. (1996a).
The power invested by the source in advance and expansion
of the hot spot and the variation of the internal energy in the
hot spot per unit time can be estimated as follows (assuming
constant advance speed)
U˙int,hs ≈ PhsVhs
(vhs
LS
)
, (5)
4Qadv ≈ PhsAhsvhs, (6)
Qexp,hs ≈ Phs 4pir2hsvhs
(rhs
LS
)
, (7)
where in the last expression we have used that the hot spot ex-
pansion speed is vexp,hs = vhs(rhs/LS), due to the self-similar
evolution of the sources deduced from panel a) of Fig. 1, a
result to be discussed in the next section.
Table 4 lists the average powers invested by the source in
their evolution for the values of the hot spot parameters de-
rived in the previous section. Despite the large uncertainties
it is worthy to note that there seems to be some kind of equipar-
tition between luminosity and expansion (source growth plus
hot spot expansion) work per unit time. It has to be noted that
percentages are obtained with respect to Qj,min. The remaining
fraction, 45%, must be, at least in part, associated with power
transferred to the lobes. Finally let us point that the increase of
internal energy of the hot spot is a negligible fraction of the jet
power.
5. A SELF-SIMILAR EVOLUTION MODEL FOR CSOS
In this section, we are going to construct an evolutionary
model for CSOs based on the results presented in section 3.
The distance to the origin of the hot-spots will play the role of
a time-like coordinate. The fits presented in that section will
represent the evolution of the corresponding physical quantity
in a typical CSO helping us to contrain the parameters of our
model.
Our model is based on the assumption that the evolution of
CSOs is dominated by the expansion of the hot spots as they
propagate through the external medium. This conclusion is ap-
parent after analising the source energy budget (see Table 4), as
33% of Qj,min is invested in expansion.
We start by assuming that the linear size of the hot spot, rhs,
grows with some power of time, i.e., rhs ∝ tβ . We have cho-
sen such a basic parameter because a value of β can be easily
deduced from the linear fits, as we shall see below. Our next
assumption consists in considering a density decreasing exter-
nal medium with ρext ∝ (LS)−δ, with δ > 0. In order to compare
with the observational fits described in the previous section, we
need to eliminate t from our description. This is done through
the velocity of advance of the hot spot, vhs, that fixes the depen-
dence of the linear size of the source with the time. Consider-
ing that hot spots in CSOs are feed by relativistic jets but ad-
vance with significantly smaller speeds, the usual ram pressure
equilibrium condition between the jet and the external medium
leads to (Martí et al. 1997)
vhs =
√
ηR
Aj
Aj,hs
vj, (8)
where ηR is the ratio between the inertial density of the jet and
that of the external medium (ρext), Aj and Aj,hs are, respectively,
the cross-sectional area of the jet at the basis and at the hot
spot, respectively, and vj is the flow velocity in the jet. We can
consider that Aj,hs ∝ r2hs and this is what we do in the next. As-
suming that the jet injection conditions are constant with time
we have
(
dLS
dt =
)
vhs ∝
(
ηR
Aj
Ahs
)1/2
vj ∝ (LS)δ/2t−β , (9)
from which we derive the desired relation:
t ∝ (LS)(1−δ/2)/(1−β). (10)
Evolutionary tracks of sources that grow with time are ob-
tained when the exponent in the later expression is positive,
which means that both β,δ/2 > 1, or β,δ/2 < 1. On the other
hand, substituting this latter expression in eq. (9) we find that
vhs = (LS)(δ/2−β)/(1−β), (11)
from which we can conclude that the particular case β = δ/2
(including the case β = δ/2 = 1) leads to a constant hot spot
advance speed and separates accelerating hot spot models
(β < min{1, δ/2}; β > max{1, δ/2}) from decelerating ones
(min{1, δ/2}< β < max{1, δ/2}).
The hot spot radius in terms of the source linear size follows
also from eq. (10)
rhs ∝ (LS)β(1−δ/2)/(1−β). (12)
Self-similarity forces the exponent in this expression to be
equal to 1 providing a relation between β and the slope of the
external density profile, δ,
β =
2
4 − δ
, (13)
consistent with self-similar source evolution. Deduced from
this expression is that β ≥ δ/2 which means that hot spots tend
to decelerate within the first kpc if β < 1 or to accelerate if
β > 1. We will discuss this result below. Note that our model
allows for self-similar evolution tracks with non-constant hot
spot advance speeds, contrary to other models (e.g., Begelman
1996).
The next equation in our model comes from the source en-
ergy balance. The energy injected by the jet is stored in the
hot spots and lobes in the form of relativistic particles, mag-
netic fields, and thermal material. Besides that, it provides the
required energy for the source growth (hot spot expansion and
advance, lobe inflation). Finally, it is the ultimate source of lu-
minosity. Being CSO sources immersed in dense environments,
a basic assumption is to consider that the work exerted by the
hot spots against the external medium consumes a large part of
jet power. This is, in fact, supported by the results shown in
previous section. Hence we assume
(PdV )hs,adv+exp(∝ Phsr2hsLS)∝ tγ , (14)
where the intermediate proportionality is, again, only valid for
self-similar evolution. A value 1 for γ would mean that the
source adjusts its work per unit time to the jet power supply
(that we consider as constant).
Finally, under the assumptions of minimum energy and
monocromaticity (see Appendix), the luminosity of the hot
spot, Lhs, and the number density of relativistic particles, nhs,
are found to follow the laws
Lhs ∝ P7/4hs r3hs, (15)
nhs ∝ P5/4hs . (16)
55.1. Model I (3 parameters)
The equations derived above can be manipulated to provide
expressions for vhs, rhs, Lhs, Phs, and nhs in terms of source linear
size, LS,
vhs ∝ (LS)(δ/2−β)/(1−β)
(
∝ (LS)δ/2−1
)
(17)
rhs ∝ (LS)β(1−δ/2)/(1−β) (∝ LS) (18)
Lhs ∝ (LS)(7γ/4−β/2)(1−δ/2)/(1−β)−7/4
(
∝ (LS)(7γ (2−δ/2)−9)/4
)
(19)
Phs ∝ (LS)(γ−2β)(1−δ/2)/(1−β)−1
(
∝ (LS)γ(2−δ/2)−3
)
(20)
nhs ∝ (LS)5/4((γ−2β)(1−δ/2)/(1−β)−1)
(
∝ (LS)5/4(γ(2−δ/2)−3)
)
(21)
where we have written in brackets the resulting expressions
considering self-similarity, using the relation between β and δ
in eq. (13). Now, the first three relations (involving observable
quantities) can be compared with the corresponding fits in sec-
tion (3) to obtain the values of the free parameters in our model,
β, γ, and δ. The comparison of the resulting power laws for Phs
and nhs with their fits will provide a consistency test of the ba-
sic assumptions of our model. For constant hot spot advance
speed the results are: β = 1.0±0.3, δ = 2.0±0.6, γ = 1.5±0.3,
where errors are calculated from the obtained extreme values
by changing the slopes of the fits within the given errors. The
value of β = 1.0 corresponds to a constant hot spot expansion
speed. The value of δ = 2 is consistent with the external density
profile in Begelman’s (1996) model, for self-similar, constant
growth sources.
The value obtained for γ merits some discussion. In our
present model, the increase in luminosity inferred from the fits
(and invoked by Snellen et al. 2000 to explain the GPS lumi-
nosity function) does not need an external medium with con-
stant density in the first kiloparsec (as concluded by Snellen
et al., 2000) but together with constant advance speed require
that power invested by the hot spots in the advance and expan-
sion work (see section 4) grows with time as t0.5. Taking into
account that the expansion against the environment is a sub-
stantial fraction of the whole jet power supply, a value of γ
larger than 1 implies that the expansion will eventually exhaust
the source energy supply, producing a dramatic change in the
source evolution (decrease in luminosity, deceleration of the hot
spot advance) after the first kiloparsec. Recent calculations, in
which we extend our study to MSO and FRII hot spots (Perucho
& Martí 2001), show that radio luminosity in the hot spots (as
well as the expansion work) decrease in the long term. How-
ever, one should keep in mind that the trend of constant hot spot
advance speed (and the luminosity growth with linear size) in
the CSO phase are largely uncertain.
The corresponding exponents for Phs and nhs (−1.5± 0.8,
−1.9± 1.0, respectively) are within the error bars of the fits
presented in section 3, giving support to the minimum energy
assumption considered in our model.
5.2. Model II (2 parameters)
Model I has three free parameters which were fixed using the
observational constraints. However, two of these constraints
(namely hot spot luminosity versus source linear size, and hot
spot advance speed versus source linear size) are poorly estab-
lished. This is why we explore in this section two new models
with only two free parameters by fixing γ equal to 1. This is a
reasonable choice as it expresses that the source self-adjusts the
work per unit time to the (assumed constant) power jet supply.
On the other hand, fixing one parameter allows us to liberate
the models from one constraint allowing for the study of differ-
ent evolutionary tracks. In particular we are going to study two
models, IIa and IIb, although a continuity between them both is
also possible, as discussed below.
Making γ = 1 in eqs. (17)-(21), we have
vhs ∝ (LS)(δ/2−β)/(1−β)
(
∝ (LS)δ/2−1
)
(22)
rhs ∝ (LS)β(1−δ/2)/(1−β) (∝ LS) (23)
Lhs ∝ (LS)(7/4−β/2)(1−δ/2)/(1−β)−7/4
(
∝ (LS)(7 (2−δ/2)−9)/4
)
(24)
Phs ∝ (LS)(1−2β)(1−δ/2)/(1−β)−1
(
∝ (LS)−(δ/2+1)
)
(25)
nhs ∝ (LS)5/4((1−2β)(1−δ/2)/(1−β)−1)
(
∝ (LS)−5/4(δ/2+1)
)
(26)
Again results for self-similar evolution appear in brackets.
Model IIa uses the fit for the rhs-LS and constant speed assump-
tion (vhs) to determine the values of β and δ. In Model IIb, the
first condition is maintained (self-similarity) whereas the sec-
ond is changed by the fit for radio-luminosity (Lhs-LS). The
values of β and δ for Models IIa and IIb as well as the expo-
nents of the power laws for vhs, rhs, Lhs, Phs, nhs are listed in
Table 5.
Model IIa represents the self-similar evolution of sources
with constant advance speed (what may be true, as indicated
by the measurements of hot spot advance speeds, at least for
the inner 100 parsecs). The decrease of density with linear size
with an exponent of −2 is consistent with the values derived
by other authors for larger scales (Fanti et al. 1995, Begelman
1996, De Young 1993, 1997). Comparing with Model I, we see
that constraining γ to 1.0 leads to a decrease in luminosity while
maintaining the hot spot expansion work. The values of the ex-
ponents for Phs and nhs are in agreement (whitin the respective
errors bars) with those obtained in the fits. The energy required
for the source to grow and expand at constant rate in the present
model without increasing the jet power supply (remember that
now γ = 1) comes from a decrease in luminosity. In our model
this decrease of the hot spot luminosity is produced by the fast
reduction of pressure in the hot spot (caused by its fast expan-
sion). However the required luminosity decrease (∝ (LS)−0.5) is
quite far from the value derived for the Lhs-LS plot (despite its
large error bar).
Model IIb represents an extreme opposite case of Model IIa.
Now, besides self-similarity, we force the source to increase
its luminosity at the rate prescribed by the fit (∝ (LS)0.3). The
crucial parameter is, again the density profile in the external
medium that controls the expansion rate of the hot spot and the
6pressure decrease. The small external density gradient makes
the source to decelerate its expansion rate maintaining a large
pressure. The values of the exponents of the hot spot pressure
and density power laws are compatible (whitin the correspond-
ing error bars) with those derived from the fits. The deceleration
rate for the hot spot advance is large but plausible if one takes
into account that the CSO hot spot advance speeds measured
up to now (Owsianik & Conway 1998, Owsianik et al. 1998b,
Taylor et al. 2000) are all for small sources (≤ 100 pc) which
leaves lot of freedom for the hot spot advance speed profile in
the first kpc. On the other hand the slowly decreasing external
density profile (∝ (LS)−1.1) is consistent with the structure of
the ISM in ellipticals well fitted by King profiles with almost
constant density galaxy cores 1 kpc wide. One model with con-
stant external density (δ = 0) and self-similar expansion would
have resulted in an increase of luminosity with distance to the
source proportional to (LS)1.25 and a decrease in hot spot pres-
sure and advance speed as (LS)−1. Such a large increase in lumi-
nosity is hardly compatible with the fit presented in section (3).
Moreover, a density gradient like the one obtained in Model
IIb allows for a smooth transition between the density in the
inner core (which could be constant) and the gradient in outer
regions, likely −2.
Finally let us note that our hypothesis allow for a continuous
transition between Models IIa and IIb by tuning the value of
the exponent of the density power law between 1.1 and 2.0. In
particular, the model with δ = 1.6 fits very well the exponents of
hot spot pressure (and relativistic particle density) and predicts
evolutive behaviours for Lhs and vhs in reasonable agreement
with the observable data (Lhs ∝ LS−0.14 and vhs ∝ LS−0.2).
6. DISCUSSION
Results of the fits presented in section (3) show that sources
evolve very close to self-similarity in the first kiloparsec of their
lifes. This result agrees with what has been found by other
groups. Snellen et al. (2000) calculate equipartition compo-
nent sizes for a sample of GPS and CSS sources (Snellen et al.
1998a, Stanghellini et al. 1998, and Fanti et al. 1990) finding
a proportionality with projected source overall size. Jeyakumar
& Saikia (2000) find self-similarity in a sample of GPS and
CSS sources up to 20 kpc. Concerning the dependence of radio
luminosity with linear size, the fit shown in section (3) points
towards an increase of luminosity with linear size, as claimed
by Snellen et al. (2000) for GPS sources. However, uncertain-
ties are large and this dependence has to be confirmed by new
CSO and GPS samples.
As established in the Introduction, our study on CSOs of-
fers an interesting link between fundamental parameters of the
jet production process and the properties of large scale jets. It
is interesting to note, on one hand, that the lower bound for
the jet power is consistent (one order of magnitude larger) with
the one inferred by Rawlings & Saunders (1991) for FRII ra-
dio galaxies (1044 erg s−1), supporting the idea of CSOs be-
ing the early phases of FRIIs. On the other hand, the flux of
particles inferred in the jet is consistent with ejection rates of
barionic plasma of the order 0.17M⊙ y−1, implying a highly
efficient conversion of accretion mass at the Eddington limit
(M˙E ≃ 2.2M⊙ y−1, for a black hole of 108 M⊙) into ejection.
The need for such a high efficiency could also point towards
a leptonic composition of jets. Central densities can be esti-
mated using the ram pressure equilibrium assumption for those
sources with have measured advance speeds, from the follow-
ing equation equivalent to (8) Phs = ρext v2hs. Results range from
1 − 10cm−3 for 0108+108 which is close to the galactic nucleus,
to 0.01 − 0.1cm−3 for 2352+495 which is about 100 pc away.
Our study concentrates in the evolution of sources within the
first kpc assuming energy equipartition between particles and
magnetic fields and hot spot advance in ram pressure equilib-
rium, extending the work of Readhead et al. (1996a,b) to a
larger sample. In Readhead et al. (1996b) the authors con-
struct an evolutionary model for CSOs based on the data of
three sources (0108+388, 0710+439, 2352+495) also in our
sample. Comparing the properties of the two opposite hot
spots in each source these authors deduce a value for the ad-
vance speed as a power law of external density approximately
constant which fixes the remaining dependencies: Phs ∝ ρ1.00ext ,
rhs ∝ ρ−0.50ext . These results fit very well with those obtained in
our Model IIa. Model IIb could be understood as complemen-
tary to Model IIa and represent a first epoch in the early evo-
lution of CSOs. It describes the evolution of a source in an
external medium with a smooth density gradient, causing the
decrease of the hot spot advance speed. During this first epoch,
the luminosity of the source would increase. Then, the change
in the external density gradient (from -1.1 to -2.0) will stop the
deceleration of the hot spots and would change the sign of the
slope of luminosity, which now would start to decrease (Model
IIa).
To know whether CSOs evolve according to Model IIa or IIb
(or a combination of both, IIb+IIa) needs fits of better quality.
However, what seems clear is that models with constant hot spot
advance speed and increasing luminosity (i.e., Model I) can be
ruled out on the ground of their energy costs.
We can calculate the age of a source when it reaches 1 kpc
(the edge of the inner dense galactic core) according to Models
IIa and IIb assuming an initial speed (let say at 10 pc) of 0.2 c
(as suggested by recent measurements). In the case of Model
IIa this age is of 3.3104 y, whereas in the case of Model IIb the
age is about one order of magnitude larger (i.e.,≃ 1.1105 y). In
this last case, the source would reach this size with a speed of
0.02 c. If hot spots advance speeds remain constant after 1 kpc
(consistent with a density gradient of slope −2.0, commonly ob-
tained in fits for large scale sources; see below) then the age of
a source of size 100 kpc would be of the order 1.6107 y. This
result supports CSOs as precursors of large FRII radio sources.
Since the work of Carvalho (1985) considering the idea of
compact doubles being the origin of extended classical dou-
bles, several attempts have been made to describe the evolution
of CSOs to large FRII sources. Fanti et al. (1995) discussed a
possible evolutionary scenario based on the distribution of sizes
of a sample of CSS sources of medium size (< 15 kpc), assum-
ing equipartition and hot spot advance driven by ram pressure
equilibrium. Their model supports the young nature of MSOs
predicting a decrease in radio luminosity by a factor of ten as
they evolve into more extended sources and that external den-
sity changes as (LS)−2 after the first half kiloparsec.
Begelman’s (1996) model predicts an expansion velocity de-
pending only weakly on source size and a evolution of lumi-
nosity proportional to ≈ (LS)−0.5 for ambient density gradients
ranging from (LS)−(1.5−2.0). It accounts for the source statis-
tics and assumes Begelman & Cioffi’s (1989) model for the
evolution of cocoons surrounding powerful extragalactic radio
sources. This means constant jet power, hot spot advance driven
by ram pressure equilibrium, internal hot spot conditions near
equipartition, and that internal pressure in the hot-spots is equal
7to that in the cocoon multiplied by a constant factor, condi-
tion which turns to be equivalent to self-similarity. Snellen et
al. (2000) explain the GPS luminosity function with a self-
similar model, assuming again constant jet power. The model
predicts a change in the slope of the radio luminosity after the
first kpc (∝ (LS)2/3 in the inner region; decreasing at larger dis-
tances), governed by an external density King profile falling
with (LS)−1.5 outside the 1 kpc core.
Model IIa predicts an external density profile in agreement
with those inferred in the long term evolution models just dis-
cussed. However, it leads to a decrease of the hot spot pressure
(∝ (LS)−2) too large. Readhead et al. (1996b) compare their
data for CSOs with more extended sources (quasars from Bri-
dle et al. 1994) and obtain a best fit for pressure Phs ∝ (LS)−4/3,
which is in agreement with our Model IIb. However, Model
IIb produces a flat (∝ (LS)−1.1) external density gradient and an
unwelcome increase in radio luminosity. The conclusion is that
neither Model IIa nor IIb can be directly applied to describe the
complete evolution of powerful radio sources from their CSO
phase. In Perucho & Martí (2001) we have plotted the same
physical magnitudes than here versus projected linear size for
sources that range from CSOs to FRIIs and the most remarkable
fact is the almost constant slope found for pressure evolution.
We try to reconcile the change of the slopes found for external
density and luminosity with this behaviour of pressure by con-
sidering a time dependent (decreasing) jet power, in agreement
with the jet powers derived for CSOs and FRIIs (a factor of 20
smaller the latter). In that paper, we have used the samples of
MSOs given by Fanti et al. (1985) and FRIIs by Hardcastle et
al. (1998) and estimated the relevant physical magnitudes in
their hot spots as we have done for CSOs. The fit for the plot
of hot-spot radius versus projected linear size shows the loss
of self-similarity from 10 kpc on, a result which is consistent
with that of Jeyakumar & Saikia (2000). Concerning radio lu-
minosity, a clear break in the slope at 1 kpc is apparent, feature
predicted by Snellen et al. (2000) for GPSs.
7. CONCLUSIONS
In this paper, we present a model to determine the physical
parameters of jets and hot-spots of a sample of CSOs under very
basic assumptions like synchrotron emission and minimum en-
ergy conditions. Based on this model we propose a simple evo-
lutionary scenario for these sources assuming that they evolve
in ram pressure equilibrium with the external medium and con-
stant jet power. The parameters of our model are constrained
from fits of observational data (radio luminosity, hot spot ra-
dius, and hot spot advance speeds) and hot spot pressure versus
projected linear size. From these plots we conclude that CSOs
evolve self-similarly (Jeyakumar & Saikia 2000) and that their
radio luminosity increases with linear size (Snellen et al. 2000)
along the first kiloparsec.
Assuming that the jets feeding CSOs are relativistic from
both kinematical and thermodynamical points of view, hence
neglecting the effects of any thermal component, we use the
values of the pressure and particle number density within the
hot spots to estimate the fluxes of momentum (thrust), energy,
and particles of these relativistic jets. We further assume that
hot spots advance at subrelativistic speeds and that there is ram
pressure equilibrium between the jet and hot spot. The mean
jet power obtained in this way is, within an order of magnitude,
that given by Rawlings & Saunders (1991) for FRII sources,
which is consistent with them being the possible precursors of
large doubles. The inferred flux of particles corresponds to, for
a barionic jet, about a 10% of the mass accreted by a black hole
of 108 M⊙ at the Eddington limit, pointing towards a very effi-
cient conversion of accretion flow into ejection, or to a leptonic
composition of jets.
We have considered three different models (namely Models,
I, IIa, IIb). Model I assuming constant hot spot advance speed
and increasing luminosity can be ruled out on the ground of its
energy cost. However Models IIa and IIb seem to describe lim-
iting behaviours of sources evolving at constant advance speed
and decreasing luminosity (Model IIa) and decreasing hot spot
advance speed and increasing luminosity (Model IIb). How-
ever, in order to know whether CSOs evolve according to Model
IIa or IIb (or a combination of both, IIb+IIa) we need fits of
better quality and more determinations of the hot spot advance
speeds and radio-luminosity. In all our models the slopes of
the hot spot luminosity and advance speed with source linear
size are governed by only one parameter, namely the external
density gradient.
Terminal speeds obtained for Model IIb, in which we find
a negative slope for the hot spot advance speed, are consistent
with advance speeds inferred for large sources like Cygnus A
(Readhead et al. 1996b). This fact, together with the ages es-
timated from that model and the recent measures of advance
speed of CSOs (Owsianik et al. 1998, Taylor et al. 2000)
support the young scenario for CSOs. Moreover, central den-
sities estimated in section (6) using ram pressure equilibrium
assumption are low enough to allow jets with the calculated ki-
netic powers to escape (De Young 1993). External density pro-
file in Model IIa is consistent with that given for large sources
(−2.0), while Model IIb gives a smoother profile as corresponds
to a King profile in the inner kiloparsec.
Although Models II seem to describe in a very elegant way
the evolution of CSOs within the first kpc, preliminary results
show that neither Model IIa nor IIb can be directly applied to
describe the complete evolution of powerful radio sources from
their CSO phase. In Perucho & Martí (2001) we try to recon-
cile the change of the slopes of external density and luminosity
with the behaviour of pressure (see discussion section) by con-
sidering a time dependent (decreasing) jet power.
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APPENDIX: OBTAINING BASIC PHYSICAL PARAMETERS FROM
OBSERVATIONAL DATA
1. INTRINSIC LUMINOSITIES AND SIZES
We obtain the required parameters by using observational
data in a simple way. The first step is to obtain the luminos-
ity distance to the source, in terms of redshift and the assumed
cosmological model,
DL =
cz
H0
(
1 +
√
1 + 2q0z + z
1 +
√
1 + 2q0z + q0z
)
(27)
Angular distance, used to obtain intrinsic linear distances, is
defined as
Dθ =
DL
(1 + z)2 (28)
8Intrinsic linear distances (like the source linear size, LS, and
hot spot radius, rhs) are obtained from the source angular dis-
tance and the corresponding angular size of the object
LS = Dθ θT/2 , rhs = Dθ θhs (29)
with θT being the total source angular size, and θhs the angular
size of the hot spot, given in Table 1. The intrinsic total radio
luminosity of the hot spots can be obtained in terms of the ob-
served flux density, Shs, and the luminosity distance according
to
Lhs = 4piD2LShs, (30)
where Shs corresponds to the total flux in the frequency range
107 − 1011 Hz (νmin, νmax, in the following)
Shs =
∫ νmax
νmin
C (ν)−αdν. (31)
The constant for the spectrum in the observer reference frame
can be obtained from the flux density at a given frequency (ν0)
and the spectral index, having in mind that the synchrotron
spectra in the optically thin limit follows a power law
C = Sν0 (ν0)α. (32)
Hence, in terms of known variables, the total intrinsic radio
luminosity is written as follows
Lhs = Sν0 4piD2L να0
(νmax)1−α − (νmin)1−α
1 −α
(α 6= 1) (33)
Lhs = Sν0 4piD2L να0 ln
(
νmax
νmin
)
(α = 1). (34)
2. MINIMUM ENERGY ASSUMPTION
Once obtained intrinsic sizes and luminosities from obser-
vations, the next step is to use them to constrain physical pa-
rameters (like pressure, magnetic field strength, and relativistic
particle density) in the hot spots. Our model is based on the
minimum energy assumption according to which the magnetic
field has such a value that total energy of the object is the mini-
mum necessary so as to produce the observed luminosity. As it
is well known, this assumption leads almost to the equipartition
of energy between particles and magnetic field.
The total internal energy of the system can be written in terms
of the magnetic field strength, B. First, the energy density of the
relativistic particles
up =
∫ Emax
Emin
n(E)E dE (35)
(where E is the energy of particles and n(E), the number den-
sity at the corresponding energy) can be estimated assuming
monochromatic emission. According to this, any electron (of
energy E) radiates only at its critical frequency, given by
νc = C1 BE2, (36)
where C1 is a constant (≃ 6.31018 in cgs units). The monochro-
matic emission assumption allows to change the energy integral
in Eq.(35) by an integral of the intrinsic emitted flux in the cor-
responding range of critical frequencies. At the end, the total
internal particle energy in the hot spots, Up, is (see, e.g., Moffet
1975)
Ue = ALhsB−3/2, (37)
where A depends on the spectral index and the frequency range:
A =
C1/21
C3
2 − 2α
1 − 2α
ν
(1/2)−α
max − ν
(1/2)−α
min
ν1−αmax − ν
1−α
min
, (38)
(C3 ≃ 2.410−3 in cgs units). Limits for the radio-emission fre-
quencies are taken to be 107 and 1011 Hz. A varies within a
factor of six (3.34107, 2.2108) for extreme values of the spec-
tral index, α (0.75, 1.5, respectively).
Then, the expression for the total internal energy in the hot-
spot is
Utot = Up +UB = ALhsB−3/2 +Vhs
B2
8pi , (39)
where Vhs is the volume of the hot spot (assumed spherical) and
B2/8pi is the magnetic field energy density. The magnetic field
which gives the minimum energy for the component comes di-
rectly from minimising equation (39), leaving as constant the
intrinsic luminosity of the hot spot, Lhs,
Bmin =
(
6piALhs
Vhs
)2/7
, (40)
Hence, the energies associated to magnetic field and relativis-
tic particles are, finally,
uB =
B2min
8pi , (41)
and
up = (4/3)uB. (42)
Pressure at the hot spots has two contributions
Phs = (1/3)up + (1/3)uB = (7/9)uB. (43)
The number density of relativistic particles follows from the
monochromatic emission assumption:
nhs =
LhsC1
C3BminVhs
2α− 2
2α
ν−αmax − ν
−α
min
ν1−αmax − ν
1−α
min
. (44)
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FIG. 1.— Log-log plots of radius (panel a), radio-luminosity (panel b), pressure (panel c) and density (panel d) of hot-spots versus projected linear size. One point
per CSO is plotted (see text). Error bars correspond to 15% in angular sizes for radius, pressure and density and 15% in measured radio-flux at the given frequency
for radio-luminosity, and they are just indicative. Dashed lines give account of limiting slopes.
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FIG. 2.— Schematic view of a CSO with a radio-image of 0710+439 (Taylor et al. 2000).
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TABLE 1
Source θ(mas) θT(as) Spectral z ν(GHz) Sν (Jy) Refs.
index(α)
0108+388S 0.821 0.006 0.900 0.669 15.36 0.118 1,2,3
0108+388N 0.586 0.006 0.900 0.669 15.36 0.172 1,2,3
0404+768E 45.0 0.150 0.501 0.599 1.70 0.429 1,2,7
0404+768W 54.0 0.150 0.501 0.599 1.70 4.181 1,2,7
0500+019N 5.17 0.015 0.900 0.583 8.30 1.25 1,5,10
0500+019S 3.49 0.015 0.900 0.583 8.30 0.110 1,5,10
0710+439N 0.950 0.025 0.600 0.518 8.55 0.330 1,3,4
0710+439S 2.16 0.025 0.600 0.518 8.55 0.110 1,3,4
0941-080N 7.637 0.050 1.01 0.228 8.30 0.080 1,5
0941-080S 12.7 0.050 1.01 0.228 8.30 0.130 1,5
1031+5670W 1.047 0.036 1.10 0.460 15.3 0.080 17
1031+5670E 1.296 0.036 0.80 0.460 15.3 0.065 17
1111+1955N 2.800 0.020 1.50 0.299 8.40 0.126 17,18,19,20
1.070
1111+1955S 1.370 0.020 1.50 0.299 8.40 0.090 17,18,19,20
1117+146N 4.40 0.080 0.800 0.362 22.9 0.050 1,11
1117+146S 2.90 0.080 0.800 0.362 22.9 0.100 1,11
1323+321N 9.83 0.060 0.600 0.369 8.55 0.700 1,4
1323+321S 10.28 0.060 0.600 0.369 8.55 0.380 1,4
1358+624N 27.0 0.070 0.700 0.431 1.663 1.152 1,4
1358+624S 40.2 0.070 0.700 0.431 1.663 2.601 1,4
1404+286N 0.990 0.007 1.60 0.077 8.55 1.67 1,4
1.19
1404+286S 2.14 0.007 1.60 0.077 8.55 0.140 1,4
0.380
1414+455N 3.20 0.034 1.62 0.190 8.40 0.042 17,18,19,20
1414+455S 2.30 0.034 1.52 0.190 8.40 0.034 17,18,19,20
1.15
1607+268N 3.78 0.050 1.20 0.473 5.00 0.840 1,13
6.66
1607+268S 6.48 0.050 1.20 0.473 5.00 0.740 1,13
6.66
1732+094N 1.947 0.015 1.10 0.610 5.00 0.480 1,15
1732+094S 2.48 0.015 1.10 0.610 5.00 0.285 1,15
1816+3457N 4.46 0.035 1.92 0.245 8.40 0.028 17,18,19,20
1816+3457S 4.57 0.035 1.85 0.245 8.40 0.074 17,18,19,20
1.67
3.73
1946+704N 1.46 0.036 0.640 0.101 14.9 0.122 8,9
2.42
1946+704S 3.27 0.036 0.640 0.101 5.00 0.019 8,9
2008-068N 2.74 0.030 0.800 0.750 5.00 1.01 1,15
2008-068S 4.68 0.030 0.800 0.750 5.00 0.112 1,15
2050+364W 3.06 0.060 0.900 0.354 5.00 2.11 1,12,13,14
2050+364E 5.22 0.060 0.900 0.354 5.00 2.89 1,12,13,14
3.60
4.50
2128+048N 4.62 0.030 0.800 0.990 8.30 1.21 1,5,10
5.80
2128+048S 3.82 0.030 0.800 0.990 8.30 0.060 1,5,10
2352+495N 1.10 0.050 0.501 0.237 5.00 0.080 1,2,16
2352+495S 2.60 0.050 0.501 0.237 5.00 0.040 1,2,16
NOTE.— Data in the columns: (1) B1950.0 coordinates (N means northern hot-spot, S southern,
etc.); (2) angular size (θ) of the hot spots (or subcomponents); (3) total angular size of the radio source,
(θT); (4) spectral index, α, of the optically thin part of the spectrum; (5) source redshifts, z; (6) and (7)
frequency (ν) and flux density (Sν ) at that frequency of the optically thin part of the spectrum for the
whole hot spot (adding the fluxes of subcomponents if necessary); (8) references from which the data of
each source have been taken. In those cases in which no spectral index for each hot spot were available,
we have used that of the whole source. Angular sizes were taken for the highest frequency available in
order to eliminate the contribution of the diffuse component. The angular sizes of components have been
calculated by multiplying the geometric mean of the FWHM Gaussian axes by a factor 1.8, following
Readhead et al. (1996a), in order to have spherical hot spots.
REFERENCES.— (1) Stanghellini et al. 1998, A&AS, 131, 303; (2) Taylor et al. 1996, ApJ, 463,
95; (3) Pearson et al. 1988, ApJ, 328, 114; (4) Fey et al. 1996, A&AS, 105, 299; (5) Dallacasa et al.
1998, A&AS, 129, 219; (6) Xu et al. 1995, A&AS, 99, 297; (7) Dallacasa et al. 1995, A&AS, 295, 27;
(8) Snellen et al. 1998a, A&AS, 131, 435; (9) Snellen et al., astro-ph/0002129; (10) Stanghellini et al.
1997, A&A, 325, 943; (11) Bondi et al. 1998, MNRAS, 297, 559; (12) Phillips & Mutel 1981, ApJ,
244, 19; (13) Mutel et al. 1985, ApJ, 290, 86; (14) Mutel et al. 1986, ApJ, 307, 472; (15) Stanghellini
et al. 1999, A&AS, 134, 309; (16) Readhead et al. 1996a, ApJ, 460, 612; (17) Taylor et al., astro-
ph/0005209; (18) Peck & Taylor 2000, ApJ, 534, 104; (19) Peck et al. 2000, ApJ, 534, 90; (20) A.Peck
2000, private communication. (c):detected core.
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TABLE 2
BEST FITS OF PHYSICAL PARAMETERS IN HOT-SPOTS IN TERMS OF SOURCE LINEAR SIZE.
α ε r
rhs 1.0 0.3 0.80
Lhs 0.3 0.5 0.17
Phs −1.7 0.4 −0.79
nhs −2.4 0.5 −0.78
NOTE.—α is the slope of the
corresponding log-log best fit, ε
is the error of that fit, and r is
the regression coefficient.
TABLE 3
HOT-SPOT ADVANCE SPEED VALUES
Source Owsianik et al. Taylor et al. LS (pc)
0108+388 0.098h−1 c 0.12h−1 c 17
0710+439 0.13h−1 c 0.26h−1 c 64
1031+567 - 0.31h−1 c a 88
2352+495 0.13h−1 c b 0.16h−1 c 85
a Speed measured for one hot spot and, possibly, a jet
component.
bCalculated from synchrotron ageing data from Read-
head et al. (1996a).
TABLE 4
POWERS INVESTED BY THE JETS IN THEIR EVOLUTION.
Lhs U˙int,hs Qadv Qexp,hs
Power (2.2± 2.1)1044 (8.3± 7.8)1043 (2.5± 1.9)1044 (1.9± 1.8)1044
Fraction 0.16± 0.16 0.06± 0.06 0.19 0.14± 0.14
NOTE.—Values are in erg s−1. Fractions are over Qj,min. Errors are calculated as for jet
parameters.
TABLE 5
EXPONENTS OF EVOLUTION FOR MODELS IIA AND IIB
Model β δ rhs Lhs vhs Phs nhs
IIa 1.0± 0.3 2.0± 0.6 1.0 −0.50± 0.15 0.0 −2.0± 0.6 −2.50± 0.75
IIb 0.7± 0.3 1.1± 1.0 1.0 0.3 −0.5± 0.4 −1.5± 0.8 −1.9± 1.0
NOTE.—Exponents of the linear size power law fits of the physical parameters in the CSO hot spots for
Models IIa and IIb. Errors, as before, were obtained from the extreme values given by the errors obtained
for the slopes in the fits.
